Given that our 2D averages of both T-ag structural Berkeley, California 94720 forms differed significantly from that published previously [9], we considered the possibility that the previous work unwittingly used a combination of single and Summary double hexamers. To test this hypothesis, we generated a reference-free average using a combination of images Simian Virus 40 replication requires only one viral profrom the free T-ag complex corresponding to views of tein, the Large T antigen (T-ag), which acts as both an both single and double hexamers oriented with the syminitiator of replication and as a replicative helicase metry axis almost perpendicular to the grid surface. This (reviewed in [1]). We used electron microscopy to genaverage ( Figure 2E ) is nearly identical to that reported erate a three-dimensional reconstruction of the T-ag previously [9], strongly suggesting that a mixture of sinhexameric ring in the presence and absence of a syngle and double hexamers was used in these earlier EM thetic replication fork to locate the T-ag domains, to studies. examine structural changes in the T-ag hexamer associated with DNA binding, and to analyze the formation 3D Reconstruction of double hexamers on and off DNA. We found that
Figure 1. SV40 T-ag Domain Organization and Binding Sites for Interacting Host Cell Proteins
The bold line indicates the residue numbering for the T-ag primary sequence. The individual domains are labeled, and residues included in these domains are noted below this line. The regions shown are the J domain, the nuclear localization signal (NLS), the ori binding region that binds specifically to the SV40 origin, the nonspecific DNA binding domain, the helicase domain, the Zn finger region, and the ATPase domain. The binding sites for the interacting host cell proteins are indicated with gray boxes above the residue numbered line.
matched the density at the extreme N-terminal region of Helicase Domain We uniquely identified the helicase domain in both T-ag the free and DNA bound T-ag hexamers, thus providing a unique fit to both 3D reconstructions (Figures 3A and hexamers. Since no structures exist for the helicase domain of T-ag, we docked the X-ray crystal structure 3B). In this orientation, the HPD sequence (residues 42-44), invariant in all members of the J domain family [14] , of the bacteriophage T7 gp4 helicase [12] . The helicase domain from T7 gp4 includes ‫592ف‬ residues [12] as is located at the very N-terminal tip of both T-ag rings ( Figures 3A and 3B) . In both models, the region of the compared to ‫063ف‬ residues for T-ag In alternate orientaresidues were disordered in the NMR structure and were removed before docking. The orientation of the T-agtions, the helicase structure significantly penetrated the EM 3D surfaces. The orientation of the helicase domain obd shown in Figure 3 provided the best fit to the T-ag hexamer. Alternative fits shifted the T-ag-obd closer to structure is identical in both the free and DNA bound T-ag hexamer models. The fit of the T7 gp4 helicase the center of the rings but resulted in unfavorable interdomain overlaps between neighboring T-ag-obds. In X-ray structure into both T-ag hexameric rings is also identical to that in the T7 gp4 EM reconstruction [4], both models, the T-ag-obd lies directly beneath the J domain ( Figures 3A and 3B) , and the DNA binding elesuggesting that even though these two helicases belong to different superfamilies, they are highly conserved ments A, B2, B3, and residues 226-227 [10] line the central channel of the hexameric ring ( Figures 3C and 3D) . structurally. proteins, including DnaB [18, 19] and T7 gp4 [20] [21] [22] .
DNA-Induced Conformational Changes The Central Channel
In the DNA bound T-ag 2D averages ( Figures 2F and 2G) in the T-ag Hexamer Detailed comparisons of the free and DNA bound T-ag and 3D reconstruction ( Figures 3B and 3D) , the density in the central channel is significantly increased when reconstructions show large conformational changes in the N-and C-terminal domains of the T-ag hexamer compared to that of the free T-ag hexamer (Figures 2C  and 2D; Figures 3A and 3C 
